The ability of two-dimensional echocardiography to masure left ventricular volumes and ejection fraction was evaluated in 25 children with congenital heart disease. Dimensions and planimetered areas were obtained in the short-axis view at the mitral valve and high and low papillary muscle levels and in the apical two-and four-chamber views. Eight algorithms using five geometric models were assessed. Left ventricular end-diastolic volume, end-systolic volume and ejection fraction were compared with data from biplane cineangiocardiograms. The correlation varied with the algorithm used. Algorithms using short-axis views appeared superior to those using only apical long-axis views. Four algorithms estimated left ventricular volumes with equal accuracy (Simpson's rule, assuming the ventricle to be a truncated cone; Simpson's rule, assuming the ventricle to be a truncated ellipse; hemisphere cylinder; and ellipsoid biplane). The single algorithm that best estimated left ventricular ejection fraction was the ellipsoid biplane formula using the short-axis view at the papillary muscle level (r = 0.91, slope = 0.94, SEE = 6.7%). Thus, two-dimensional echocardiography can accurately assess left ventricular volumes and ejection fraction in children with congenital heart disease. NONINVASIVE estimation of left ventricular performance is important in the initial and prospective evaluation of children with congenital and acquired heart disease. M-mode echocardiography has been used to estimate left ventricular volumes and ejection fraction, 14 but its value is compromised by segmental wall motion abnormalities and ventricular overloading.57 Except for abnormalities of septal motion, segmental wall motion abnormalities are unusual in children. In children with left ventricular volume overload, angiographic and echocardiographic left ventricular end-diastolic diameters correlate poorly.8 Moreover, various indirect methods for measuring left ventricular performance using mitral valve motion9' 10 aortic valve motion,1' or both12 have been proved inferior to direct assessment of changes of left ventricular dimensions and volumes.13 Preliminary reports of electrocardiographically triggered B-mode echocardiogaphic scanning indicate that two-dimensional echocardiography is better than M-mode echocardiography for calculating left ventricular ejection fraction.'4' 15 Several investigators have reported the accuracy of two-dimensional echocardiography in assessing left ventricular volumes and ejection fraction in experi-mental animals'"1'8 and in adult patients with valvular or coronary artery disease.'9 24 The heart with a congenital defect, however, is subjected to different loading conditions. The use of two-dimensional echocardiography in apical views to estimate left ventricular volumes in children has also been reported.25' 26 However, all possible models and views for estimating left ventricular volumes were not examined. We further evaluated the optimal two-dimensional views and the geometric assumptions to be made with these views for estimating left ventricular volumes and ejection fraction noninvasively in children with congenital heart disease.
SUMMARY The ability of two-dimensional echocardiography to masure left ventricular volumes and ejection fraction was evaluated in 25 children with congenital heart disease. Dimensions and planimetered areas were obtained in the short-axis view at the mitral valve and high and low papillary muscle levels and in the apical two-and four-chamber views. Eight algorithms using five geometric models were assessed. Left ventricular end-diastolic volume, end-systolic volume and ejection fraction were compared with data from biplane cineangiocardiograms. The correlation varied with the algorithm used. Algorithms using short-axis views appeared superior to those using only apical long-axis views. Four algorithms estimated left ventricular volumes with equal accuracy (Simpson's rule, assuming the ventricle to be a truncated cone; Simpson's rule, assuming the ventricle to be a truncated ellipse; hemisphere cylinder; and ellipsoid biplane). The single algorithm that best estimated left ventricular ejection fraction was the ellipsoid biplane formula using the short-axis view at the papillary muscle level (r = 0.91, slope = 0.94, SEE = 6.7%). Thus, two-dimensional echocardiography can accurately assess left ventricular volumes and ejection fraction in children with congenital heart disease. NONINVASIVE estimation of left ventricular performance is important in the initial and prospective evaluation of children with congenital and acquired heart disease. M-mode echocardiography has been used to estimate left ventricular volumes and ejection fraction, 14 but its value is compromised by segmental wall motion abnormalities and ventricular overloading.57 Except for abnormalities of septal motion, segmental wall motion abnormalities are unusual in children. In children with left ventricular volume overload, angiographic and echocardiographic left ventricular end-diastolic diameters correlate poorly.8 Moreover, various indirect methods for measuring left ventricular performance using mitral valve motion9' 10 aortic valve motion,1' or both12 have been proved inferior to direct assessment of changes of left ventricular dimensions and volumes.13 Preliminary reports of electrocardiographically triggered B-mode echocardiogaphic scanning indicate that two-dimensional echocardiography is better than M-mode echocardiography for calculating left ventricular ejection fraction. '4' 15 Several investigators have reported the accuracy of two-dimensional echocardiography in assessing left ventricular volumes and ejection fraction in experi-ing conditions. The use of two-dimensional echocardiography in apical views to estimate left ventricular volumes in children has also been reported.25' 26 However, all possible models and views for estimating left ventricular volumes were not examined. We further evaluated the optimal two-dimensional views and the geometric assumptions to be made with these views for estimating left ventricular volumes and ejection fraction noninvasively in children with congenital heart disease.
Materials and Methods
Twenty-five patients scheduled for diagnostic or preoperative cardiac catheterization and twodimensional echocardiography were included in the study. The patients were 6 weeks to 20 years old (mean 6.5 years). The clinical diagnoses are summarized in table 1.
Cineangiocardiograms
After routine catheterization premedication, biplane left ventricular cineangiocardiograms were obtained in the anteroposterior and lateral views at 50 frames/sec. In all patients, angiocardiographic studies were free of extrasystoles and were of adequate technical quality for calculating angiographic volumes. A grid was filmed at the position of the heart and used to correct for linear magnification. Well-opacified, arrhythmia-free beats were used to measure enddiastolic and end-systolic left ventricular volumes. Volumes and ejection fraction were calculated by the area-length method. 27 The computed volumes were then corrected according to previously derived regression equations.28 
SHORT AXIS V ED Echocardiograms
Echocardiographic studies were performed immediately after angiography. Real-time two-dimensional echocardiographic studies were obtained with a phased-array sector scanner (Toshiba, model SSH-IOA). The transducer consisted of 32 2.4-MHz piezoelectric crystals: the ultrasonic beam was focused dynamically and steered electronically through a 78°s ector arc. The focal point was adjusted to 4, 5 or 7.5 cm, depending on the size of the patient. Lateral and axial resolution were determined with a 100-mm test object phantom box. Axial resolution was 1 mm at any depth, and lateral resolution was 1.5-2 mm at and before the focal point. Lateral resolution was 2.5 mm at 2 cm from the focal point, and 3 mm at 5 cm from the focal point. The images were displayed in realtime and recorded on 34-inch videotape cassette at 30 frames/sec (Nipon Electric Company). The videocassette could be played back in real time; at oneninth, one-eighteenth, one-thirty-sixth and oneseventy-second of real-time, and in stop-frame, frame-by-frame, forward and reverse modes, which allowed isolation of beats for area and dimensional measurements. Left parasternal short-axis and apical long-axis views were used routinely. The parasternal short-axis views were obtained in the usual fashion. The patient was examined in the left lateral decubitus position. The transducer was placed in the third or fourth left intercostal space with the plane of the sector perpendicular to the left ventricular long axis. The views were obtained at the level of the mitral valve, at the tips of rIEWS ES PM2 PMI MV FIGURE 1. Two dimensional short-axis views used for echocardiographic estimation of left ventricular volumes. ED end-diastole; ESend-systole; MV = mitral valve level; PM, -tips of the papillary muscles; PM2 base of the papillary muscles. part might become a gap between sectors P3 and P4.
It is also uncertain whether this approach can detect coronary aneurysms in the posterior descending artery and the branches, such as the acute marginal branch and atrioventricular nodal branch.
Using the subcostal approach, we could not image the normal coronary artery; we could do so with the parasternal approach.'0-13 It is probably because the peripheral segment of the RCA that is cut in round slices is too small to be visualized. The technique may be limited in distinguishing small coronary aneurysms from the normal coronary artery. We can make no statement about false negatives for detection of aneurysms because not all patients had angiography in this study. Although further studies by both echocardiography and coronary angiography may be required in many patients, the ability of this technique to detect peripheral coronary aneurysms is of great prognostic value in patients with Kawasaki disease. References (volume = AL). Short-axis areas (A) at the level of the mitral valve and high papillary muscles were separately applied to this formula. The length (L) of the ventricle was measured from the apical fourchamber view.
Ellipsoid Single-plane Model
The left ventricle was assumed to be ellipsoid. Volumes were calculated by planimetering the area (A) of the left ventricle from either the apical fourchamber or two-chamber views and measuring the longest length (L). Volume 0.85A.
Ellipsoid Biplane Model
Volumes were calculated by measuring the longest length (L) from the apical four-chamber view and the orthogonal minor-axis diameters (D1, D2) from the short-axis view at the mitral valve or papillary muscle level. Volume =-L D1 D2. 6
Teichholz Formula Volume = (7.0/2.4 + D) (D3), where D = the internal dimension measured from M-mode tracings.
Statistics
Left ventricular end-diastolic and end-systolic volume and ejection fraction obtained by each method were compared with volumes and ejection fraction obtained from biplane cineangiocardiography. Linear regression analysis was performed using the leastsquares method, and the standard error of the estimate was calculated as: SD X n) where r = correlation coefficient and n = number of cases.
Results

Left Ventricular Volumes
There was no significant difference in heart rates at catheterization and echocardiographic study (106 ± 24 vs 96 ± 24 beats/min, respectively). The echoc,ardiographically estimated volumes and injection fraction are shown with the angiographically determined values in table 2. End-diastolic volume calculated from cineangiocardiograms ranged from 25-242 ml. End-systolic volume ranged from 4.8-144 ml. The correlation of volumes estimated with twodimensional echocardiography and those determined with angiocardiography varied with the algorithm used. All echocardiographically determined volumes underestimated angiographically determined volumes. Algorithms using multiple short-axis views (Simpson's rule) produced a good correlation regardless of 4 and 5) . The biplane ellipsoid algorithm using the longest length from the apical four-chamber view and two minor-axis diameters from the short axis was equally accurate estimating left ventricular volumes (figs. 4 and 5). The hemisphere-cylinder method using the planimetered area from the short axis (mitral valve or papillary muscle level) was only slightly less optimal. The single-plane apical methods and the Teichholz formula (M-mode) were least optimal. related well with angiocardiographically determined values regardless of the geometric model used, as did the hemisphere-cylinder and ellipsoid biplane methods using the short-axis view at the papillary muscle level (fig. 6 ). The M-mode Teichholz formula and other two-dimensional methods were inferior and correlated poorly with angiocardiographically determined ejection fraction (table 2) .
Discussion
The noninvasive evaluation of left ventricular volumes by two-dimensional echocardiography may provide new insights into left ventricular performance in children with congenital heart disease. Two-dimen- sional echocardiography has been proved superior to M-mode techniques in estimating' left ventricular volumes. [21] [22] [23] [24] This superiority of two-dimensional imaging lies in its capability to image the heart from multiple acoustic windows rather than the "ice-pick" images produced by M-mode echocardiograms. Thus, two-dimensional images overcome the inability of an M-mode tracing to estimate volumes in the presence of segmental wall motion abnormalities and volume overload.
The unique ability of two-dimensional echocardiography to image the heart in an infinite number of planes has produced many methods for estimating left ventricular volumes and ejection fraction. In No 5, MAY 1982 using multiple short-axis views combined with the longest length from the apical four-chamber view are superior to algorithms using either single-plane or biplane apical views, regardless of geometric assumptions. This concept was further supported by studies in which echocardiography was used to measure left ventricular mass and volumes in dogs.24 This approach is particularly useful when left ventricular dyssynergy is present.80 The hemisphere-cylinder algorithm can also accurately estimate left ventricular mass. Our data support these findings.
In an initial study in children with congenital heart defects, Silverman et al.2 used single-plane and paired biplane apical views to determine left ventricular volumes. They used a single-plane and biplane arealength method and a Simpson's rule method. 24 The biplane area-length method using both apical views best estimated left ventricular volumes and ejection fraction. Our data do not confirm this finding. These investigators, however, used a light-pen microprocessor system that avoided parallax distortion, which occurs when the ventricles are outlined on clear plastic. This may explain the discrepancy, because parallax distortion could not be avoided with our equipment. Because parallax distortion is minimal in the center of the video monitor screen, algorithms using short-axis views, which occupy primarily the center of the monitor screen, are superior to algorithms using only apical views, which occupy a greater portion of the video screen. We found optimal visualization of the anterolateral wall difficult to achieve in the apical two-chamber view.
All methods used in the present study underestimated end-diastolic volume, end-systolic volume and ejection fraction. The degree of underestimation depended on the algorithm; paired apical and short-axis views provided the best determinations of end-diastolic and end-systolic volume. Because echocardiography underestimated end-diastolic and endsystolic volumes to the same degree, ejection fraction correlated well with angiocardiographic data. The best ejection fraction data were provided by the ellipsoid biplane model using the short-axis plane at the papillary muscle level and the apical four-chamber view.
Ease of data acquisition must be considered in the clinical practice of medicine. Because four of five methods produced similar results, the simplest would be the best. Our Simpson's rule and hemispherecylinder algorithms require planimetering one or more short-axis views. Other echocardiographic methods applied to left ventricular volume determination in children with congenital heart disease use a planimetered area.24' 26 These methods are time-consuming and tedious. The ellipsoid biplane model, however, requires only the measurement of two perpendicular minor-axis diameters from a short-axis view and the longest length from the apical four-chamber view. This is the least difficult approach and is therefore the most practical for clinical use.
We and others agree that two-dimensional echocardiography is superior to M-mode echocardiog-raphy in calculating left ventricular volumes and ejection fraction. Of the two-dimensional approaches evaluated in children with congenital heart disease, paired biplane methods are superior to single-plane methods. In addition, at least one plane should be a short-axis view along the left parasternal border; algorithms using sections through this plane are the most accurate, regardless of geometric assumption. right heart is located near the anterior chest wall and the flow direction is nearly parallel to the direction of the ultrasound beam for the Doppler technique. We investigated pulmonary regurgitation using a rangegated, pulsed Doppler technique combined with twodimensional echocardiography and compared its sensitivity for diagnosis of pulmonary regurgitation with phonocardiography.
Methods
We examined 1200 patients by the pulsed Doppler method from January 1979 to August 1980. In 60 of these patients, abnormal diastolic Doppler signals were detected in the subpulmonic area and the right ventricular outflow tract. These 60 patients were the
